The purpose of this study was to characterize in detail the binding of pediocin PA-1 and its fragments to target membranes by using tryptophan fluorescence as a probe. Based on a three-dimensional model (Y. Chen, R. Shapira, M. Eisenstein, and T. J. Montville, Appl. Environ. Microbiol. 63:524-531, 1997), four synthetic N-terminal pediocin fragments were selected to study the mechanism of the initial step by which the bacteriocin associates with membranes. Binding of pediocin PA-1 to vesicles of phosphatidylglycerol, the major component of Listeria membranes, caused an increase in the intrinsic tryptophan fluorescence intensity with a blue shift of the emission maximum. The Stern-Volmer constants for acrylamide quenching of the fluorescence of pediocin PA-1 in buffer and in the lipid vesicles were 8.83 ؎ 0.42 and 3.53 ؎ 0.67 M
Bacteriocins from lactic acid bacteria are similar to other antimicrobial peptides in nature that form poration complexes in the target cell's membrane (23, 34, 36) . The practical aspects (19, 21, 30, 31, 33, 35, 40, 43) and the basic biochemical and genetic elements involved in bacteriocin biosynthesis have been extensively explored due to the well-documented lethal activity of bacteriocins against food-borne pathogens (for reviews, see references 1, 2, 22, and 32). Klaenhammer's classification of bacteriocins into four groups (23) provides one useful schema within which to compare properties of various bacteriocins. The mechanistic action of nisin, a lanthioninecontaining class I bacteriocin commercially available worldwide, is the most thoroughly studied action. Highly defined in vitro systems consisting of lipid vesicles derived from a sensitive microorganism (44) , synthetic phospholipid vesicles or planar bilayers (13, 16, 18) , phospholipid monolayers (12) , or detergent micelles (41) have been used to investigate how nisin molecules interact with membranes. Studies with nisin variants and fragments suggest that different domains of the nisin molecule are essential for binding, pore formation, and biological activity. While the N-terminal domain remains at the surface of the membrane, the C-terminal domain of the nisin molecule inserts into the hydrophobic region of the lipid bilayer (5, 17, 18, 27) .
Much less is known about how class II bacteriocins interact with the membranes of sensitive microorganisms. Pediocin PA-1 is a representative member of the class IIa bacteriocins, which are Listeria-active, heat-stable peptides containing a YGNGV consensus amino acid motif in the N-terminal region (23) . In general, the 44-amino-acid molecule pediocin PA-1 acts at the target cell's membrane through a multistep process consisting of binding, insertion, and pore formation, a mechanism shared by most bacteriocins from lactic acid bacteria (1, 2, 9) . As the first step in the functioning of pediocin PA-1, binding of the bacteriocin to the membrane is a prerequisite for subsequent insertion and pore formation that leads to cell death. Pediocin PA-1 interacts directly with lipid vesicles composed of Listeria monocytogenes total lipids and permeabilizes the membrane lipid matrix without a requirement for a protein receptor (7, 8) . This is not inconsistent with the requirement for a protein receptor for in vivo activity suggested by Chikindas et al. (9) , since such a receptor may facilitate the postbinding steps of insertion, aggregation, and pore formation. The proposed receptor, however, is clearly not absolutely essential for pediocin PA-1 binding in vitro. The mechanism for the initial pediocin-membrane binding remains poorly understood. A structural model for pediocin PA-1 (8) predicts that 18 amino acids in the N-terminal part of the peptide assume a three-strand ␤-sheet conformation. The tip of the ␤-hairpin connecting the second and third strands contains two positively charged residues (termed the positive patch) potentially important in bacteriocin binding, and the N-terminal ␤-turn between the first and second strands contains the YGNGV consensus motif. The function of this consensus motif is unknown, but it is hypothesized that this region is the peptide domain involved in recognition of target membranes by Listeria-active bacteriocins (2, 4, 23) . Native pediocin PA-1 contains two tryptophan residues (20) whose intrinsic fluorescence can be followed spectroscopically to generate information at the molecular level about how the peptide binds to the membrane. Tryptophan fluorescence emission spectral parameters change with the polarity of the environment so that tryptophan residues bound to membranes can be differentiated from the tryptophans of peptide molecules in aqueous solution (6, 38, 39) . Genetically engineered nisin and chemically synthesized magainin containing an introduced tryptophan residue have been used to elucidate binding and insertion mechanisms of nisin (17, 27) and magainin 2 (28) .
The purpose of this study was to obtain a detailed understanding of how pediocin PA-1 binds to the membrane in the absence of a protein receptor. Specifically, we examined the relationship between pediocin PA-1's structure and function and used tryptophan fluorescence as a probe to demonstrate the role of the positively charged residues in the ␤-hairpin loop in bacteriocin binding to phospholipid vesicles.
MATERIALS AND METHODS
Preparation of pediocin PA-1 and pediocin fragments. To obtain full-length, native pediocin PA-1, Pediococcus acidilactici PAC 1.0 was grown in lactobacillus MRS broth supplemented with 0.6% yeast extract at 30°C for 20 to 22 h. Culture supernatant was collected, and pediocin PA-1 was purified to homogeneity as previously reported (8) . To investigate more thoroughly the role of specific amino acid residues, structural features predicted by the three-dimensional model (8) were examined to identify four pediocin fragments of interest. These were then chemically synthesized (Bio Synthesis, Inc., Lesisville, Tex.). The fragments designated pediocin N15, pediocin N7, and pediocin N8-15 contained, respectively, all 15 residues, the first 7 residues, and residues 8 to 15 of the 15 amino acids of the N-terminal sequence but had an introduced tryptophan as residue 1 which served as the probe (Table 1) . A mutant fragment, pediocin N m 8-15, had the same sequence as pediocin N8-15, except that charged residues K-11 and H-12 were replaced with Ile and Leu, respectively. A disulfide bond probably exists between C-9 and C-14 in the candidate pediocin fragments since spontaneous formation of intrapeptide disulfide bonds occurs in synthetic pediocin-like bacteriocins (15) . Pediocin N m 8-15 was resuspended in 2-(N-morpholino)ethanesulfonic acid (MES) (50 mM pH 6.0) buffer containing 60% ethanol, and all of the other pediocin fragments were resuspended in 50 mM MES buffer (pH 6.0). Peptide concentrations were determined by measuring A 280 with a spectrophotometer (model UV160; Shimadzu Scientific Instruments, Columbia, Md.). The activities of pediocin PA-1 and the fragments were determined by the spot-on-the-lawn assay by using L. monocytogenes Scott A as the indicator (35) .
Preparation of lipid vesicles. A highly defined membrane model system was used to study pediocin binding. Large unilamellar vesicles were made by using the extrusion method described by MacDonald et al. (26) . Dimyristoyl-phosphatidylglycerol (Avanti Polar Lipids, Alabaster, Ala.) was used to make the vesicles, since anionic phospholipids are the major component of the L. monocytogenes Scott A membrane (10, 44) . Moreover, the majority of the fatty acids associated with the Listeria phospholipids are myristic (14:0) and palmitic (16:0) fatty acids with a methyl group attached to the second or third carbon from the end of the acyl chain (29) . In some experiments, total lipids were extracted from L. monocytogenes cells (8) and used. To make the lipid vesicles, lipid dissolved in chloroform was dried under a stream of N 2 gas in a siliconized microcentrifuge tube, and the residual solvent was removed by centrifugation under a vacuum for 2 h. The dried lipid was resuspended in MES buffer (50 mM, pH 6.0). The suspension was vortex mixed and subjected to five freeze-thaw cycles in a solid CO 2 -ethanol bath to form multilamellar vesicles. By using a Liposofast microextruder (Avestin, Ottawa, Canada), the multilamellar vesicle mixture was successively extruded through polycarbonate filters (Poretics, Livermore, Calif.) with 0.6-m pores five times and with 0.2-m pores five times and then through two (stacked) filters with 0.1-m pores 21 times. Lipid vesicles prepared by this method were homogeneous in size with an average diameter close to 100 nm (26) . The lipid vesicles were kept on ice for up to 3 h until they were used.
Pediocin binding measurements and analysis. Binding of pediocin PA-1 and its fragments was determined by following changes in the fluorescence of tryptophan residues when the peptides were exposed to the large unilamellar vesicles. Tryptophan fluorescence was measured with a spectrofluorometer (model F1T11; Spex Industries, Metuchen, N.J.). Emission spectra over the range from 290 to 450 nm were determined upon excitation at 280 nm and with excitation and emission slit settings of 4 nm. Briefly, small quantities (5, 10, 20, 30 , and 50 l) of a stock lipid suspension (11.6 mM) were sequentially added to a fixed concentration (3.8 M for the native pediocin, 7.2 to 11.0 M for the fragments) of pediocin solution in 2.0 ml of MES buffer (50 mM at an appropriate pH). The peptide-lipid mixtures were stirred constantly in cuvettes, and the fluorescence emission spectra were recorded for the peptide alone and for each lipid addition. The emission spectrum for a given ratio of lipid concentration to peptide concentration obtained after 1 min of incubation was similar to that obtained after 4 min of incubation, suggesting that equilibrium was reached rapidly. The baseline fluorescence contributed by buffer or the lipid vesicles in the absence of peptides was subtracted from each fluorescence spectrum. As a control, the fluorescence emission for the tryptophan derivative N-acetyltryptophanamide in MES buffer (50 mM, pH 6.0) was also determined.
Several steps were performed to generate binding constants. Each tryptophan emission spectrum was analyzed to determine the maximum emission wavelength ( max ) and the fluorescence intensity (I). The intensity value was obtained by integrating the emission curve and was corrected for dilution effects. Fluorescence titration curves relate blue shift (⌬ max ϭ max o Ϫ max , in nanometers), relative blue shift ( max o / max ), or relative intensity increase (I/I o ) to total lipid concentrations, where the subscript o denotes the parameter in the absence of lipid vesicles. The titration curves were analyzed by using the following equation (3, 27, 39) :
where K d , n, and m are the dissociation constant of a lipid-peptide complex, the number of binding sites per lipid, and the total lipid concentration, respectively. The parameter ε is defined as max o / max . The parameter ε b is a constant characteristic of a membrane-bound peptide and equals ε at a saturating lipid concentration when all of the peptide molecules present in the suspension are bound to the vesicles. According to equation 1, plotting (ε Ϫ 1) versus (ε Ϫ 1)/m gives K d /n as the slope. K d /n is used to compare pediocin PA-1 and its fragments with respect to their affinities for lipid vesicles. Influence of pH on pediocin fragment binding. To determine the influence of pH on the binding of pediocin N15 and pediocin N8-15, large unilamellar vesicles were prepared at pH 6.0, 6.5, or 7.0 in 50 mM MES buffer and at pH 7.5 or 8.0 in 50 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) buffer. Fluorescence measurements were carried out in the buffer used to prepare lipid vesicles. Emission spectra were analyzed to determine the maximum increase in intensity at each pH. The net charge of pediocin N15 at each pH was calculated according to the amino acid sequence, assuming that the pKa values for ␣-COOH, ␣-NH 3 ϩ , Lys ϩ , and His ϩ were 3.5, 7.5, 10.4, and 6.5, respectively (11) . The correlation between I max /I o and net positive charge of the peptide was examined. I max was the value of I in the presence of saturating lipid concentration.
Quenching of tryptophan fluorescence by acrylamide. Native pediocin PA-1 contains two tryptophan residues, at positions 18 and 33. Acrylamide readily quenches tryptophan fluorescence in aqueous buffer (6, 9, 27) . If the tryptophans penetrate into the hydrophobic phase of the lipid bilayer as a consequence of pediocin PA-1 binding to the lipid vesicles, the sensitivity of tryptophan fluorescence to the aqueous quencher decreases. To determine whether the two tryptophans bind to the lipid vesicles in a similar fashion, increasing amounts of a freshly prepared acrylamide stock solution (6 M) were added to a 3.8 M pediocin PA-1 solution in the absence of lipid vesicles or in the presence of lipid vesicles at a ratio of lipid concentration to peptide concentration of about 150. Fluorescence measurements were carried out as described above. Fluorescence spectra were corrected for baseline levels measured with suspensions containing lipid vesicles plus appropriate amounts of acrylamide in MES buffer, and intensities were corrected for dilution effects. Quenching data were plotted as F o /F , where F o and F were the fluorescence intensities (of the whole emission spectrum) in the absence and presence of the quencher, respectively. The quenching plots were analyzed by using the following equations (6):
for plots showing upward curvature, and
for straight plots, where V is a static quenching constant and K sv is the SternVolmer quenching constant, which provides a basis for comparing the accessibility of the quencher to the tryptophan residues. The two-component dynamic quenching equation (6) ,
was used for plots showing downward curvature when we thought that the two tryptophan residues in the pediocin PA-1 sequence might localize differently in the lipid bilayer upon binding. K sv,1 and K sv,2 are the K sv values for the two tryptophan residues. The nonlinear plots were analyzed by using the fitting program NFIT, version 1.0 (Island Products, Galveston, Tex.). Carboxyfluorescein leakage assays. To determine whether the pediocin fragments permeablize lipid vesicles or compete with pediocin PA-1 for similar binding sites on the membrane surface, the carboxyfluorescein leakage assay was performed. The use of pediocin PA-1-mediated 5(6)-carboxyfluorescein (CF) efflux from Listeria lipid vesicles as a measure of pore formation activity is described elsewhere (8) . Briefly, CF-loaded lipid vesicles were treated with pediocin N15 alone, with pediocin PA-1 alone, or with pediocin N15 for 1 min before pediocin PA-1 was added. Fluorescence intensity was recorded before and after the addition of the peptides. Complete CF release was determined by adding 0.2% (vol/vol) (final concentration) Triton X-100. The progress of CF efflux was calculated with the following equation:
]100, where F t was the fluorescence at time t, F o was the baseline fluorescence for CF-loaded vesicles without added peptides, and F ϱ was the maximum fluorescence (100%) after Triton X-100 treatment.
Reagents. Culture media were obtained from Difco Laboratories (Detroit, Mich.). Acrylamide (electrophoresis grade), N-acetyltryptophanamide, and CF were obtained from Sigma Chemical Co. (St. Louis, Mo.). All other reagents, unless otherwise specified, were purchased from Fisher Scientific Co. (Pittsburgh, Pa.).
RESULTS AND DISCUSSION
Pediocin PA-1 binding to lipid vesicles probed by tryptophan fluorescence. Binding of pediocin PA-1 to the membrane was followed by determining the changes in the tryptophan fluorescence parameters, I and max , when large unilamellar vesicles were added to a pediocin PA-1 solution. The emission spectrum of pediocin PA-1 in buffer (3.8 M peptide in MES buffer, pH 6.0) had a maximum emission wavelength of 353 nm (Fig. 1A, spectrum a) . This value is characteristic of the tryptophan residue fluorescence emission peak in aqueous solutions (38) and is within the same range as the values reported for pentagastrin-related pentapeptides (39) and a synthetic model peptide which has random structures in buffer but a ␤-structure in the presence of acidic lipid vesicles (25) . A tryptophan derivative, N-acetyltryptophanamide, which mimics the tryptophan residue in a peptide but is always exposed to the aqueous solvent, had a max of 357 nm in the MES buffer (data not shown). The smaller max for pediocin PA-1 implies that, compared to the single-residue compound N-acetyltryptophanamide, the peptide with multiple amino acid residues may partially shield the residues from the aqueous solvent.
Upon addition of the lipid vesicles, the emission intensity increased slightly and the max shifted to a lower (blue) wavelength (Fig. 1A, spectrum b) . As more lipid vesicles were added (spectra c through e), I increased more and more, and max shifted further toward the blue end of the spectrum. The decreases in max and increases in I reflected the translocation of the tryptophan(s) in pediocin PA-1 from a hydrophilic, polar environment to a hydrophobic, nonpolar environment (24) . These data demonstrated that pediocin PA-1 became bound to the lipid vesicles and that the tryptophan residue(s) penetrated into the hydrophobic phase of the lipid bilayer.
Pediocin PA-1 binding revealed by fluorescence quenching. An alternative approach to determine the binding state of pediocin PA-1 molecules involved the fluorescence quencher acrylamide. Acrylamide quenches the I of tryptophan residues exposed to aqueous phases, but it cannot access the residues in the interior of a folded protein or those buried in the membrane (6). The tryptophan fluorescence in pediocin PA-1 was quenched readily in MES buffer (Fig. 2) . The Stern-Volmer plot for pediocin PA-1 in the absence of lipid vesicles had upward curvature, indicating that acrylamide was quenched by a static process as well as by the standard dynamic, or collisional, process (14) . These data are similar to those reported by Chikindas et al. (9) . In agreement with the characteristic max , the quenching data suggest that both tryptophan residues Three independent experiments were done to obtain data for the K sv calculation, and Fig. 2 shows a representative set of data. The K sv for bound pediocin PA-1 was more than two times less than the quenching constant for pediocin PA-1 in buffer, suggesting that pediocin molecules were inserted into the anionic phospholipid vesicles. Furthermore, the Stern-Volmer plot for the bound pediocin PA-1 tended to plateau at acrylamide concentrations higher than 250 mM (Fig. 2) . This implied that the two tryptophan residues of the membrane-bound pediocin molecules had different accessibilities to the quencher. Analyzing the Stern-Volmer plots for quenching in the presence of lipid vesicles by using the two-component dynamic quenching equation (equation 4) resulted in a K sv,1 of zero and a K sv,2 of 8.85 Ϯ 0.71 M
Ϫ1
. These quenching constants strongly suggested that differentiated binding of the two tryptophan residues occurred; one tryptophan (with a K sv of zero) was buried deeply in the hydrophobic core of the lipid bilayer and was inaccessible, while the other tryptophan (with a K sv that was the same as the K sv in buffer) was located at the membrane surface and was thus essentially exposed to solvent for quenching by acrylamide. Unlike iodide (I Ϫ ), which is repelled by negatively charged phospholipid head groups, acrylamide bears no charge and can diffuse to the surface of the anionic lipid bilayer and contact the surface-bound tryptophan residue when it has not penetrated the bilayer.
Quenching of tryptophan fluorescence in nisin I30W by iodide (I Ϫ ) and in pediocin PA-1 by acrylamide was studied previously (9, 27) , but no quenching constant was reported. The K sv for pediocin PA-1 in buffer solution is similar to the K sv reported for tryptophan residues in a coiled-coil protein, the myosin rod, which has a K sv of 8.4 M Ϫ1 for monomers (6) . Nisin I30W binds to and inserts into lipid vesicles consisting of phosphatidylcholine-phosphatidylethanolamine and of phosphatidylcholine-cardiolipin. The negatively charged cardiolipin deepens the location of the tryptophan residue in the hydrophobic core of the lipid bilayer, and insertion of nisin is more extensive (27) . Chikindas et al. (9) reported that pediocin PA-1 binds to Escherichia coli lipid vesicles having a high content of zwitterionic phospholipids (42) . Upon association of pediocin PA-1 with zwitterionic lipid vesicles, the tryptophan residues are located on the surface of the bilayer (9). In the presence of the anionic lipid vesicles, this study shows that the quenching of pediocin PA-1 fluorescence by acrylamide was significantly less than the quenching in the presence of E. coli lipid vesicles, and the two-component analysis suggested that one of the tryptophan residues was preferentially inserted into the anionic membranes. Whether interaction of pediocin PA-1 with the anionic lipid vesicles causes a conformational change within the pediocin molecule has yet to be determined. Lipidinduced conformational change per se could result in a more nonpolar environment for the tryptophan residues of pediocin PA-1 (9). However, the more extensive blue shift in max (more than 20 nm) ( Table 2 ) and the increases in I upon interaction with the anionic lipid vesicles compared to the results obtained for the interaction of pediocin PA-1 with E. coli lipid vesicles could not be attributed to conformational changes alone. Therefore, membrane insertion of pediocin PA-1 played a major role in the observed changes in fluorescence parameters in the presence of the anionic phospholipid vesicles.
Pediocin N15 binding: comparison with pediocin PA-1 binding. To test the hypothesis that the N terminus and the positive patch at the tip of the hairpin loop predicted by the pediocin PA-1 structural model (8) were involved in binding, we examined the binding of the fragment pediocin N15 (derived from the first 15 residues of pediocin PA-1; Table 1 ) as well as three other fragments, to the anionic lipid vesicles (see below).
Like pediocin PA-1, pediocin N15 bound to the anionic lipid vesicles (Fig. 1B) . As progressively higher concentrations of vesicles were added to a pediocin N15 solution (10.1 M, pH 6.0), there was a greater blue shift in max and a greater increase in I. This indicated that progressively more pediocin N15 molecules became bound to the membrane. Similar changes in the emission maximum were observed for the native bacteriocin and the fragment (Fig. 3) ; for both peptides, addition of anionic lipid vesicles caused an increase in the magnitude of the blue shift of max . At a certain lipid concentration, all peptides became bound, and the curves plateaued. Pediocin PA-1 binding reached saturation at a ratio of lipid concentra- tion to lipid peptide concentration of about 60. Saturation for pediocin N15 was reached at a ratio of about 20. The difference can be explained by the bigger size of the native peptide, which consisted of 44 amino acids, compared to the 15-amino-acid fragment, since the two peptides showed similar abilities to bind to membranes (see below). Pediocin N15 did not kill L. monocytogenes Scott A (data not shown), probably because it is too short to form functioning pores in the membrane. Pediocin N15 alone did not cause CF efflux from Listeria lipid vesicles (Fig. 4) . As a control, the full-length molecule pediocin PA-1 induced CF efflux as expected. When CF-loaded lipid vesicles were treated with pediocin N15 prior to the addition of pediocin PA-1, the onset of CF efflux was delayed. Since pediocin PA-1 and pediocin N15 are both positively charged in the buffer and the fragment is largely hydrophilic, they are more likely to repel than to interact with each other in the solution. On the other hand, both peptides have a strong tendency to interact with the membrane. Pediocin N15 bound as strongly as pediocin PA-1 did to the anionic lipid vesicles (see below) ( Table 2) , and it bound to Listeria lipid vesicles like it bound to anionic lipid vesicles (Fig.  3) . In their membrane-bound states, the pediocin fragment might interact with the full-length peptide to form nonfunctioning pores, as proposed for the antagonistic effect of nisin 1-12 on full-length nisin (5); however, this does not explain the delayed onset of efflux. A more plausible explanation is that pediocin N15 competed with pediocin PA-1 for the same binding sites on the Listeria lipid vesicles. Probably due to better insertion (see below) and pore-forming ability, the native peptide eventually displaced the bound fragment and permeabilized the lipid vesicles.
Taken together, the similar fluorescence titration curves displayed by pediocin N15 and pediocin PA-1 (Fig. 3) and the possible competition between the two peptides for similar binding sites on Listeria lipid vesicles (Fig. 4) demonstrate that pediocin N15 and the complete, native bacteriocin bind to membranes in similar manners. Therefore, the fragment binding kinetics provides a suitable model for the binding of pediocin PA-1. The fact that pediocin N15 bound similarly to Listeria lipid vesicles and to anionic lipid vesicles further supports the appropriateness of the anionic lipid model.
Binding of pediocin fragments: the role of positively charged residues. To examine how different domains of pediocin N15 contribute to binding, two small fragments, pediocin N7 and pediocin N8-15 (Table 1) , were exposed to lipid vesicles, and their fluorescence emission spectra were determined. Pediocin N8-15 bound to the lipid vesicles like pediocin N15 bound to lipid vesicles, but there were marked differences with pediocin N7 (spectral data not shown). Further analysis of the emission spectra for pediocin N15, pediocin N7, and pediocin N8-15 obtained in the presence of lipids resulted in three types of binding curves (Fig. 5) . The binding of the pediocin fragments was plotted as the blue shift in max (Fig. 5A) , the relative blue shift ( max o / max ) (Fig. 5B) , or the relative intensity increase (I/I o ) (Fig. 5C ) versus the total lipid concentrations. All three types of titration curves indicate the extent of binding for a peptide.
For pediocin N15, whose binding behavior is comparable to that of pediocin PA-1 (Fig. 3) , increasing the concentration of lipid vesicles increased both the extent of the blue shift ( Fig.  5A and B, line a) and the relative intensity (Fig. 5C, line a) . Pediocin N7, which does not contain the positive patch but does contain the YGNGV consensus motif, which is thought to be the Listeria recognition site for class IIa bacteriocins (2, 4, 23) , bound only weakly to the phospholipid vesicles. The small extent of the blue shift observed for pediocin N7 (Fig. 5A and B, line c) did not take place until the lipid concentration was about 100 M, a concentration at which the majority of pediocin N15 was bound. Saturation of pediocin N7 binding also required a much higher lipid concentration than did saturation of pediocin N15 binding. In contrast to pediocin N7, pediocin N8-15 (containing the positive patch) bound more strongly to the lipid vesicles, and the lipid dependence of the blue shift ( Fig. 5A and B, line b) and the relative intensity increase (Fig.  5C, line b) was more similar to that for pediocin N15. These data suggested that it was the positive patch rather than the YGNGV consensus motif that was responsible for the initial binding of the pediocin fragments. To test this hypothesis, the positive patch was mutated out of pediocin N8-15, and binding was examined. The mutated fragment pediocin N m 8-15, which contained no charged residues (Lys-11 and His-12 were replaced with Ile-11 and Leu-12), did not bind at pH 6.0 ( there was no blue shift in max , and the I decreased slightly due to dilution effect (data not shown), indicating that no binding occurred at pH 8.0. These results demonstrate that electrostatic interactions, but not the YGNGV consensus motif, govern the initial binding of the pediocin fragments to the anionic phospholipid vesicles. This is consistent with the initial incorporation of nisin into artificial lipid vesicles, which is enhanced by electrostatic interactions between positively charged nisin molecules and negatively charged phospholipid head groups of vesicles (27) .
On the basis of a comparison of the activities of chemically synthesized class IIa bacteriocins and their hybrids against various indicator strains, Fimland et al. (15) suggested that the C-terminal parts of pediocin-like bacteriocins, including the C-terminal part of pediocin PA-1, play an important role in membrane interaction and target cell specificity. Results from the present study show that the N-terminal part of pediocin PA-1 also binds to the target membrane. The binding of the N-terminal part not only may contribute to the overall interaction of the pediocin molecule with the target membrane, but also may make it possible for the C-terminal part of the sequence to assume a defined secondary structure. The C-terminal parts of pediocin-like bacteriocins may exist as random coils in aqueous solutions, as predicted by computer modeling of pediocin PA-1 (8) and demonstrated by a nuclear magnetic resonance study of leucocin A (37). The C-terminal section of leucocin A has an ␣-helical structure only in membrane-mimicking environments, such as trifluoroethanol or dodecyl phosphocholine micelles. Electrostatic interactions are responsible for the initial binding of pediocin PA-1 and other pediocin-like bacteriocins to target membranes. The specificity and potency of the bacteriocin may be determined by the amphiphilic nature of the resultant secondary structure in the C-terminal part (15) and to other factors, such as the membrane composition of the target cell. Specificity and potency may be attributed, at least in part, to the content of negatively charged lipids in the target membrane, which influences the degree of electrostatic interactions.
Binding parameters of pediocin peptides: comparison of affinity and degree of insertion. To obtain dissociation constants, the binding titration curves for pediocin PA-1 (Fig. 3 ) and its fragments (Fig. 5B) were analyzed by using equation 1. Briefly, the curve for pediocin PA-1 in Fig. 3 was replotted as max o / max versus m to form a curve which resembles the curves in Fig. 5B . As mentioned above, ε is defined as max o / max ; for pediocin PA-1, max o was 353 nm, and max was calculated by subtracting ⌬ max from max o . The next step was to calculate and plot (ε Ϫ 1) versus (ε Ϫ 1)/m and to fit the data points with equation 1 (Fig. 6) . The slope of the straight line is K d /n, i.e., K d normalized to n. The data for pediocin fragments were analyzed in the same manner (data not shown).
The binding parameters for each peptide at pH 6.0 are shown in Table 2 . A smaller K d /n indicates that a peptide has a stronger affinity for the membrane (3, 25, 27, 39) . The K d /n values for pediocin PA-1 and pediocin N15 were similar, indicating that they have similar relative affinities for the anionic lipid vesicles. This confirmed the comparable membrane binding behaviors of pediocin N15 and pediocin PA-1. On the other hand, the relative affinity of pediocin N8-15 for the anionic lipid vesicles was two times lower than that of pediocin N15, and dramatically, the relative affinity of pediocin N7 was lower by an order of magnitude (K d /n was 10-fold higher).
The maximum blue shift (⌬ max ) was also lower for the two smaller fragments compared to pediocin PA-1 and pediocin N15 ( Table 2 ). Comparison of the K d /n values and the ⌬ max values suggested that there is a correlation between binding and blue shift; the tighter a peptide bound to the lipid vesicles (with a smaller K d /n), the greater the ⌬ max . A higher value for ⌬ max indicates a more hydrophobic environment for the tryptophan residue as a consequence of membrane binding and insertion. The largest ⌬ max for pediocin PA-1 suggested that the most extensive insertion of the tryptophan residues occurred with the complete peptide. In contrast, the tryptophan residue in membrane-bound pediocin N7 is located in a less Influence of pH on pediocin N15 binding. Additional evidence supporting the electrostatic interaction model was obtained by studying changes in pediocin N15 fluorescence emission during gradual changes in the pH of buffer containing vesicles. The net positive charge of pediocin N15 decreased as the pH increased from 6.0 to 8.0 (Fig. 7) . Considering all of the charged groups on the fragment, it has a net positive charge of ϩ2.8 at pH 6.0 and of ϩ1.3 at pH 8.0. Increasing the pH deprotonated the His residue and the ␣-amino group, while other charged groups were not significantly modified. Binding of pediocin N15 to the lipid vesicles at pH 6.0 caused a 41% Ϯ 3% increase in I. At pH 6.5, the increase was 24% Ϯ 3%, and at pH 7.0 it was 4% Ϯ 2%. Little increase in intensity was observed at pH 7.5 and 8.0. The influence of pH on the blue shift in max followed a similar pattern (data not shown), with gradual drops in magnitude from pH 6.0 to 7.0 and significant drops from pH 7.0 to 8.0. The enhanced pediocin N15 binding at acidic pH paralleled the net positive charge on the fragment. This is consistent with the modulating effect of pH on permeabilization of Listeria lipid vesicles by pediocin PA-1, where the CF efflux rate also parallels the net positive charge in the complete peptide (8) .
Conclusions. We used intrinsic tryptophan fluorescence to investigate the binding of pediocin PA-1 and its fragments to target membranes. We found that the mechanism for the initial binding step primarily involves electrostatic interactions between positive patches of amino acid residues in the pediocin molecules and negatively charged phospholipid head groups in the target membrane. The YGNGV consensus motif does not appear to be involved in this initial binding step. This study provides new insights into the mechanism of pediocin PA-1 action which could be useful for genetic engineering of pediocin PA-1 variants with improved potency. With respect to food preservation, pediocin PA-1 and low pH can work synergistically to inhibit food-borne pathogens because low pH should both stress the target pathogen and strengthen pediocin PA-1's action by increasing its net positive charge. In addition, pediocin PA-1 may work better in low-salt (low-ionic-strength) than in high-salt food systems because a high ionic strength should weaken the electrostatic interactions.
